The effect of temperature on the infrared spectral emissivity of C/SiC composites as a thermal protection material has been studied, using a measurement system based on a FT-IR spectrometer. The spectral emissivity of C/SiC composites in the wavelength range 3-20 μm and in the temperature range from 1000 K to over 2000 K was measured. Based on the analysis of the measured spectral emissivity, variations of the spectral emissivity with temperature were studied. The relationship between emissivity and temperature in some certain wavelength was found.
INTRODUCTION
With the continuous increase of flight speed, thermal protection materials for spacecraft vehicles have to meet higher requirements [1] . In high-speed flight, the thermal protection system of the spacecraft is important to provide protection of the equipment inside the vehicle by reducing the surface temperature. Thermal radiation is one of the main ways of heat dissipation. The material of the thermal protection system therefore plays a key role to dissipate the heat [2] .
C/SiC composite is one of the typical ceramic materials used in thermal protection systems, because it has the characteristics of high melting point and high emissivity [3, 4] . When the surface temperature rises rapidly, a large amount of thermal energy will escape into space in the form of radiation. An effective way to enhance the efficiency of the radiation is improving the emissivity of C/SiC composites [5] .
In order to characterize the thermal radiation performance, the emissivity is the essential parameter to determine the cooling efficiency of thermal radiation [6] [7] [8] . Evaluation of the emissivity of thermal protection materials is therefore an important problem in spacecraft design. Measurement equipment for the emissivity of C/SiC composites is based on Fourier-transform infrared (FT-IR) spectrometers that can measure the radiation in the spectral range from near to far infrared [9, 10] . Analyzing the change of the spectral emissivity of C/SiC composites as a function of the temperature is the basis for estimating thermal radiation performance and the ability of thermal protection.
EXPERIMENTAL

Measurement principle
Spectral emissivity, defined as the ratio of the radiation power of the object (L(λ,T)) to the blackbody radiation power (L bb (λ,T)) at the same temperature [11] , can be expressed as .
(
In Figure 1 , using the external radiation measurement mode of the FT-IR spectrometer, the radiance of the specimen and blackbody, respectively, is measured at the same temperature. The output signal of the FT-IR spectrometer is proportional to the strength of radiation in the two cases, respectively, and is given by
where S s (λ, T) and S bb (λ, T) is the output signal of the FT-IR spectrometer, R (λ) is the spectral responsivity, f (d, r) is a constant related to the dimension d and the infrared reflectivity r of the optical elements, L s (λ, T) and
L bb (λ, T) are the radiation of specimen and blackbody, respectively, and L n (T e ) is the environmental radiation.
Combining Equations 1 and 2, one obtains .
When the output signal of the FT-IR spectrometer caused by the environment temperature T e is equal to S n , which can be expressed as
the emissivity of the specimen is given by .
Measurement system A spectral emissivity measurement system based on the principle of the energy comparing method was used to carry out the experiment. The measurement system that uses a FT-IR spectrometer to measure the spectral emissivity of C/SiC composite specimen in the wavelength range 3 -20 μm and in the temperature range from 1000 K to over 2000 K had been built at Bohai University (BHU, Jinzhou, China). Figure 2 , shows a photograph of the measurement system, which includes a vacuum chamber containing the blackbody furnace and the specimen furnace, a FT-IR spectrometer, a group of off-axis parabolic mirrors plated with gold, and a control panel.
In the measurement system, the heating device for specimen and blackbody was placed into high vacuum to prevent the oxidation of the heating element device. The design for the propagation path of radiation is shown in Figure 3 . Radiation emitted from specimen or blackbody was reflected two times. The focal position of two off-axis parabolic mirror was overlapped. The radiation detected by the FT-IR spectrometer was parallel and consistent with the normal direction of the specimen and blackbody.
Sample preparation
The specimen of C/SiC composites was prepared by an isothermal-decompression chemical vapour infiltration (CVI) process with three-dimensional long carbon fiber (T300, 3000) woven preform. The preform was fabricated by a three-dimensionalfour-step method with 40 vol. % of carbon fiber. Firstly, a 0.2 mm thick carbon layer was uniformly deposited on the long carbon fiber surface by pyrolysis of propylene at 960°C. Secondly, SiC layers were formed on the pore surfaces of activated carbons by permeating and depositing SiC from a pyrolysis reaction between hydrogen (H 2 ) and trichloromethylsilane (CH 3 SiCl 3 , MTS) at 1000°C. Du-ring this process, hydrogen was used as carrier gas, which brought the reaction gas into the high temperature furnace with a vacuum of 0.01 MPa. The flow rate ratio of hydrogen and MTS is 10:1 and the deposition pressure is 5 kPa. The density of the C/SiC composite specimen is about 2 g•cm -3 , and the residual porosity is approximately 15 -17 %.
RESULTS AND DISCUSSION
According to the typical working temperature of C/SiC composite used for the thermal protection of spacecraft, the spectral emissivity of C/SiC composite specimen was measured in the temperature range from 1000 K to 2000 K. The measurement results are shown in Figure 4 . Figure 5 shows that the emissivity at most wavelengths in the range from 3 μm to 20 μm decreases with increasing temperature. This downward variation of the emissivity with temperatures is typical and expected for non-metal materials.
As shown in Figure 6 , the emissivity at wavelengths of 18 μm and 20 μm increased when the temperature of specimen exceeds 1600 K and 1800 K, respectively. The emissivity at the wavelength of 12 μm approximately remains 0.62 and does not exhibit a significant variation with temperature. For the further discussion of the radiation performance of C/SiC composites, the spectral bandwidth emissivity of specimen was calculated by the formula [12] (6)
The thus calculated spectral bandwidth emissivity from 3 μm and 20 μm is shown in Figure 7 . The spectral bandwidth emissivity decreased with the increase of the specimen temperature. When the temperature of the specimen reached 2000 K, the bandwidth emissivity decreases to about 0.7, which is 85 % of the emissivity value at 1000 K. Based on polynomial fitting, the following polynomial expression is obtained for the temperature dependence of the emissivity: 
CONCLUSIONS Spectral emissivity data of a C/SiC composite were measured by a measurement system based on a FT-IR spectrometer. Changes of the spectral emissivity of the C/SiC composite specimen with temperature and wavelength were discussed. With increasing temperature from 1000 K to 2000 K, the spectral bandwidth emissivity of C/SiC composite specimen decreased from 0.8 to 0.7. A polynomial fit relation was proposed for the temperature dependence of the spectral bandwidth emissivity. 
